Sorghum shows strong growth stimulation on arbuscular mycorrhizal (AM) symbiosis, while barley and wheat show growth depression. We identified the AMinducible phosphate transporter genes of these cereals. Their protein products play major roles in phosphate absorption from arbuscules, intracellular fungal structures. Unexpectedly, barley and wheat expressed the AM-inducible genes at high levels. Hence the cause of their growth depression appears to be unrelated to the transcription of these genes. Notably, fungal vesicles were formed significantly more in barley and wheat than in sorghum. This study yielded new clues for investigation of the mechanism underlying these various responses.
Arbuscular mycorrhizal (AM) fungi of the phylum Glomeromycota establish symbiotic associations with most land plants, including important crops. In exchange for photosynthates from the host plants, the fungi make possible improved transport of phosphate and other mineral nutrients from the soil via extraradical and intraradical mycelia to plant roots. [1] [2] [3] Typically, fungal intraradical mycelia form highly branched structures called arbuscules within root cortical cells of the host plant. Fungal arbuscules are enveloped by plant plasma membrane-connected periarbuscular membranes, which are the main site of nutrient exchange between the two symbiotic partners. [1] [2] [3] Phosphate is often a limiting nutrient for plant growth. Expression of plant genomeencoded and AM-inducible phosphate transporter (PT) genes, the protein products of which are localized on periarbuscular membranes, has been described for various plants. [3] [4] [5] [6] [7] It has been claimed that on colonization by AM fungi, nearly all the phosphate is transported to the host via the AM fungal pathway, the direct pathway via root hairs and epidermis being shut down. 8) It has also been reported that knockdown or knockout of these genes results in early-senescent arbuscules and growth retardation of the host plant. 9, 10) Hence the expression of AM-inducible PT genes is thought to be a key factor in the growth of host plants in phosphorusdeficient soil.
Variability of plant responses as to AM colonization has been documented. 1, 3, 11) It is noteworthy that plant growth responses depend on a combination of plant and AM fungi, and also plant cultivar.
11)
Glomus sp. DAOM197198 (formerly G. intraradices DAOM197198) 12) is a model fungus in AM research, a genome project on which is underway. 13) As the initial experiment in the current study, we examined the growth responses of three members of Poaceae to colonization by Glomus sp. DAOM197198 (Premier Tech, Riviere-du-Loup, Quebec, Canada). Sorghum showed marked growth stimulation (Supplemental Fig. 1A ; see Biosci. Biotechnol. Biochem. Web site). In contrast, barley and wheat showed growth depression (Supplemental Fig. 1B and C) , confirming previous reports. 8, 14, 15) The reason for this negative response has been discussed with respect to switching between the direct phosphate uptake pathway and the AM pathway. 8) To investigate the mechanism underlying the functional diversity of cereal AM symbiosis from another point of view, we tried to identify AM-inducible plant PT genes. Because the sorghum genome sequence has been determined, 16) we searched for sorghum orthologs of AM-inducible rice PT genes 5, 17) in the Phytozome v6.0 database (http://www.phytozome.org/) in silico, and found SbPT1 (Sb03g029970), SbPT2 (Sb06g002540), and SbPT3 (Sb06g002560). On the other hand, genome information on barley and wheat is still poor. Although subfamily I PTs such as MtPT4 in barrel medic 4) and OsPT11 in rice 5, 18) are generally present at much higher levels in AM roots than other PTs, 19) the only AM-inducible PTs of barley and wheat thus far reported, HvPT8 and TaPTmyc/TaPT8, 20) are not members of this subfamily (Fig. 1) . Hence we designed subfamily I-specific PCR primers by rearrang- Communication ing the nucleotide sequences of cereal PT genes (Supplemental Fig. 2A ). Concurrently, we prepared cDNA libraries of barley and wheat using a SMART cDNA library construction kit (Takara Bio, Ohtsu, Japan). Using the primers and libraries as templates, we detected specific PCR products at higher levels than those of the reported genes (Supplemental Fig. 2B ). The PCR products were subcloned into the pCR-Blunt II-TOPO vector (Life Technologies, Carlsbad, CA), and their DNA sequences were determined. We newly found one barley and three wheat PT genes, the full-length cDNAs of which were obtained by 5 0 and 3 0 rapid amplification of cDNA ends (RACE) using a SMART RACE cDNA amplification kit (Takara Bio). Because barley and wheat PTs are numbered up to 10 and 9 respectively, 21, 22) here we designate them HvPT11, TaPT10, TaPT11, and TaPT12 (DDBJ accession nos. of their genes, AB753268-AB753271). Supplemental Fig. 3 shows an alignment of the deduced amino acid sequences of the novel subfamily I PTs as well as those of rice and maize. 5, 18, 20) A phylogenetic tree of Pht1 family PTs clearly showed that the newly found SbPT1, HvPT11, TaPT10, TaPT11, and TaPT12 belong to subfamily I, the members of which are highly expressed in arbusculecontaining cortical cells (Fig. 1) . The exon-intron structures of the subfamily I PT genes were also similar, although the positions of the introns were different (Supplemental Fig. 4 ). In addition, SbPT2 and SbPT3, as well as HvPT8 and TaPTmyc/TaPT8, 20) were assigned to subgroup II (Fig. 1) . The other members of this subgroup, OsPT13, 17) BdPT12, and BdPT13, 22) are also moderately induced gene products in AM roots.
The simplest scenario to explain the different functionalities is differential expression of AM-inducible PT genes. As expected, expression of SbPT1, the sorghum ortholog of rice OsPT11, 5, 18) was highly induced, while that of SbPT2 and SbPT3, orthologs of OsPT13, 17) was moderately induced (Fig. 2A) . As for wheat, Li et al. examined radioactive phosphate uptake and found that the colonization level of AM fungi is not related to growth depression.
14,23) They explained growth depression arose from replacement of direct phosphate uptake via the root surface by less efficient uptake through the AM fungal pathway. Later, using barley as a plant material, Grace et al. confirmed these observations and also examined the expression of AM-inducible HvPT8. 15) They reported that HvPT8 expression was not correlated with the contribution of the AM phosphate uptake pathway. Remarkably, all of the novel subfamily I genes of barley, HvPT11, and wheat, TaPT10, TaPT11, and TaPT12, were very highly expressed in AM roots (Fig. 2B and C) . Their expression levels were much higher than those of previously reported HvPT8 and TaPTmyc/TaPT8 (Fig. 2B and C,  small asterisks) . 20) In a separate experiment, using the same amounts of plasmids as templates, we confirmed that the amplification rates by PCR are not significantly different among the primer pairs used in this study (data not shown). These results are in accord with a recent The dendrogram was generated with MEGA 5 software 26) by the neighbor joining method. Novel PTs described in this report are indicated by black symbols. Roman numerals indicate subgroups. Fungal PTs serve as outgroups. For simplification, we use shorter gene names than those recommended by the Commission on Plant Gene Nomenclature. Abbreviations for species: At, Arabidopsis thaliana; Bd, Brachypodium distachyon; Ec, Eucalyptus camaldulensis; Gi, Glomus intraradices; Gm, Glycine max; Gv, Glomus versiforme; Hv, Hordeum vulgare; Le, Solanum lycopersicum (formerly Lycopersicon esculentum); Lj, Lotus japonicus; Mt, Medicago truncatula; Os, Oryza sativa; Ph, Petunia hybrida; Rc, Ricinus communis; Sc, Saccharomyces cerevisiae; St, Solanum tuberosum; Ta, Triticum aestivum; and Zm, Zea mays. The accession numbers of the PT genes are given in Supplemental Table 1. report on AM-inducible genes of Brachypodium distachyon, a model grass, which indicated that the functional diversity of plant growth does not result from differences in gene expression. 22) We think that investigations like Grace et al. 15) should be repeated with regard to the highly expressed novel subfamily I genes.
Next we examined the colonization patterns of Glomus sp. DAOM197198 in the roots. In sorghum, long intercellular hyphae were observed from which arbuscules penetrated into cortical cells and developed well (Supplemental Fig. 5A ), as in soybean, Lotus, rice, etc. 7, 9, 18) On the other hand, in barley and wheat, hyphae scarcely grew intercellularly but multiple intracellular hyphae often passed from one cell to the next, forming well-developed arbuscules (Supplemental Fig. 5B and  C) . The latter results are again similar to those for B. distachyon. 22) Interestingly, the number of vesicles were much higher in barley and wheat than in sorghum, while the colonization levels and the numbers of other fungal structures were similar among the three crops (Table 1) . Vesicles are thought to be storage organs containing abundant lipids, 1) the carbon of which is absolutely and uniquely passed from the host plant (Y. Kobae, C. Gutjahr, U. Paszkowski, T. Fujiwara, and S. Hata, unpublished). It is known that inefficient root nodules of legumes cannot utilize photosynthates as an energy source for nitrogen fixation, often accumulating many starch granules in them. 24) Similarly, the large number of vesicles suggests that the host-derived carbon was not utilized efficiently in barley and wheat for the functioning or development of the AM fungus.
What accounts for the different growth responses of host plants, then? The first possibility has to do with the different fungal morphologies in the roots, but in the combination of B. distachyon and G. intraradices, the unique colonization pattern without long intercellular hyphae resulted in growth stimulation. 22) That is in sharp contrast to the case of barley and that of wheat. Thus a causal relationship between plant growth responses and fungal morphologies remains elusive. The second possibility is that although the transcript levels of AMinducible PT genes are high, as described above, the protein levels differ among sorghum, barley, and wheat. To examine this issue, preparation of specific antibodies against the C terminal 15 amino acids of sorghum SbPT1 and wheat TaPT10, for example, and Western blot analysis are necessary. Thirdly, the intracellular localization of AM-inducible barley and wheat PTs may be different from that of sorghum. Pumplin et al. recently found that precise temporal expression of PT genes coupled with transient alteration of the trans-Golgi network for protein secretion is important for the accurate localization of PTs on periarbuscular membranes.
25) The specific antibodies described above may also be useful for immunoelectron microscopy to check the intracellular localization of PT proteins. Fourthly, the phosphate transport activities of barley and wheat PTs may be much lower than that of sorghum PT. To address this issue, complementation experiments with a yeast mutant lacking PTs 7, 9) should be feasible in the near future. The fifth and least likely possibility is that AM-inducible barley and wheat PT genes are expressed in cells other than cortical ones that contain arbuscules. Preparation of promoter-beta glucuronidase constructs and introduction of them into rice plants may be useful in checking this possibility, given that the promoter activity is similar across members of the Poaceae. In any case, the results we report here provide clues as to the mechanism underlying the different growth responses of crops to AM fungi. A, Gene expression in sorghum. RT-PCR was carried out for three biological replicates of uninoculated control roots (MycÀ) or AM roots (Mycþ) using the specific primer pairs given in Supplemental Table 2 . PCR was performed for 30 cycles. The actin gene (SbActin) was used as internal control. Then the PCR products were separated by agarose gel electrophoresis and detected with ethidium bromide. B and C, Gene expression in barley and wheat respectively. RT-PCR was performed for two biological replicates of uninoculated control roots (MycÀ) or AM roots (Mycþ) using the primer pairs given in Supplemental Table 2 specific to the 3 0 noncoding regions. Common portions of barley and wheat actin genes were used as internal controls. PCR was performed for 30 and 27 cycles for the PT and the actin gene respectively. Then the PCR products were separated by agarose gel electrophoresis. 
